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In this article we report the results of detailed interacting boson model calculations with configu-
ration mixing for the neutron-deficient Pb isotopes. Calculated energy levels and B(E2) values for
188−196Pb are discussed and some care is suggested concerning the current classification on the basis
of level systematics of the 4+1 and 6
+
1 states in
190−194Pb. Furthermore, quadrupole deformations
are extracted for 186−196Pb and the mixing between the different families (0p-0h, 2p-2h, and 4p-4h)
is discussed in detail. Finally, the experimental and the theoretical level systematics are compared.
PACS numbers: 21.60.FW, 21.60.Ev
I. INTRODUCTION
The neutron-deficient Pb isotopes provide a unique
region to unravel how the interactions between a large
number of valence neutron holes in the N=82-126 shell
and the multiparticle multihole proton excitations across
the Z=82 closed shell give rise to a multitude of nu-
clear phenomena [1, 2, 3, 4]. Whereas shell-model exci-
tations dominate the low-energy spectrum near the dou-
bly closed-shell nucleus 208Pb, collective modes of motion
govern the properties of the nuclei in the vicinity of the
neutron midshell. From a microscopic point of view, the
experimentally observed dramatic lowering of two col-
lective bands with decreasing neutron number is associ-
ated with the occurrence of 2p-2h and 4p-4h excitations
across the closed Z=82 proton shell [5]. These np-nh
excitations descend in energy mainly due to the pair-
ing and the proton-neutron (p-n) quadrupole interaction
[6]. Near the neutron midshell nucleus 186Pb (N = 104),
this effect is most pronounced due to the large number
of valence neutron holes such that the states resulting
from the 0p-0h, the 2p-2h, and the 4p-4h excitations oc-
cur within a small energy range. Hence, considerable
mixing effects between the states belonging to different
np-nh excitation families may result. In the vicinity of
186Pb, the effects of mixing are largest and they gradually
decrease when moving away from the neutron midshell.
The efforts of several research groups have made detailed
experimental data such as energy spectra, electromag-
netic decay properties and isotopic shifts available (see
Refs. [7, 8, 9, 10, 11, 12, 13] for the most recent articles
and Ref. [3] and references therein for a review article) .
The latter two observables are highly sensitive to the ad-
mixture of the different families of np-nh excitations and
provide reliable tools to test the validity of theoretical
approaches in addition to the description of the energy
spectrum.
Several theoretical approaches are at one’s disposal to
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study the Pb region. Early mean-field calculations un-
derstood the energy spectra of the Pb isotopes as result-
ing from the presence of spherical, prolate, and oblate
minima in the energy surface [14, 15, 16, 17]. Nowa-
days, beyond mean-field calculations which incorporate
configuration mixing of angular momentum projected
and particle-number projected self-consistent mean-field
states provide a good description of various properties of
the Pb isotopes [18, 19].
A complementary approach is provided by an extended
form of the interacting boson model (IBM) [20, 21].
Whereas a shell-model calculation incorporating all nec-
essary correlations for the neutron-deficient Pb isotopes
is currently out of computational reach, the model
space with multiparticle multihole excitations becomes
tractable within the IBM truncation [22, 23]. The present
article provides detailed results of calculations within the
framework of the IBM with configuration mixing for the
186−196Pb isotopes, including results for the calculated
energy levels, B(E2) values and quadrupole deforma-
tions. These results complement previously published
calculations on the midshell nucleus 186Pb [8] and on the
calculated isotopic shifts in the neutron-deficient Pb iso-
topes [7]. The present results for 188Pb in particular
provide an update and extension of the results in Ref.
[24].
II. THE FORMALISM
The IBM with configuration mixing allows the simul-
taneous treatment and mixing of several boson configu-
rations that correspond to different particle-hole (p–h)
shell-model excitations [22, 23]. On the basis of intruder
spin symmetry [25, 26], no distinction is made between
particle and hole bosons. Hence, the shell-model space
that includes 0p-0h, 2p-2h, and 4p-4h shell-model exci-
tations corresponds to a [N ] ⊕ [N + 2] ⊕ [N + 4] boson
space. Consequently, the Hamiltonian for three configu-
2ration mixing can be written as
Hˆ =Pˆ †N Hˆ
N
cqf PˆN + Pˆ
†
N+2
(
HˆN+2cqf +∆
N+2
)
PˆN+2
+ Pˆ †N+4
(
HˆN+4cqf +∆
N+4
)
PˆN+4 + Vˆ
N,N+2
mix
+ Vˆ N+2,N+4mix , (1)
where PˆN , PˆN+2, and PˆN+4 are projection operators onto
the [N ], the [N + 2], and the [N + 4] boson spaces, re-
spectively, and
Hˆicqf = εinˆd + κiQˆ(χi) · Qˆ(χi), (2)
is the consistent-Q Hamiltonian [27] with i = N,N +
2, N + 4, nˆd the d boson number operator, and
Qˆµ(χi) = [s
† × d˜+ d† × s](2)µ + χi[d† × d˜](2)µ , (3)
the quadrupole operator. The parameters ∆N+2 and
∆N+4 can be associated with the energies needed to ex-
cite, respectively, two or four particles across a shell gap,
corrected for the pairing interaction and a monopole ef-
fect [6]. In general, the value of ∆N+4 is taken 2∆N+2
[29]. The operators Vˆ N,N+2mix and Vˆ
N+2,N+4
mix describe the
mixing between, respectively, the N and the N + 2 con-
figuration and the N + 2 and N + 4 configuration. They
are defined as
Vˆ
i,i+2
mix = w
i,i+2
0 [s
†×s†+s×s]+wi,i+22 [d†×d†+ d˜× d˜](0) ,
(4)
where i = N,N + 2. Conventionally, the Hamiltonian
matrix is calculated in the U(5) basis for diagonalization.
This is the basis associated with the vibrational symme-
try limit of the interacting boson model [20]. Hence one
obtains the eigenvectors in the [N ] ⊕ [N + 2] ⊕ [N + 4]
model space. A rotation of the Hamiltonian matrix
to an intermediate basis that diagonalizes HˆNcqf , Hˆ
N+2
cqf ,
and HˆN+4cqf in the different subspaces [N ], [N + 2], and
[N + 4] respectively, results in the unperturbed energies
and the interaction matrix elements that couple these
unperturbed states. In other words, in the intermedi-
ate basis we obtain the energy levels (and bands) in the
0p-0h, 2p-2h, and 4p-4h subspaces in the absence of con-
figuration mixing. The matrix elements of Vˆ N,N+2mix and
Vˆ
N+2,N+4
mix expressed in the intermediate basis give the
mixing strengths between these unperturbed states. We
refer the reader to Ref. [24] for a more detailed discus-
sion.
The E2 transition operator for three-configuration
mixing is defined as
Tˆ (E2)µ =
∑
i=N,N+2,N+4
eiPˆ
†
i Qˆµ(χi)Pˆi , (5)
where the ei (i = N,N+2, N+4) are the effective boson
charges (3).
Starting from the schematic fit performed by Fossion
et al. [28], we slightly adjusted certain parameters
TABLE I: Values of the parameters ∆N+2 and ∆N+4 for
186−196Pb.
A 186 188 190 192 194 196
∆N+2 (MeV) 2.129 1.923 1.816 1.744 1.800 1.865
∆N+4 (MeV) 4.258 3.846 3.632 3.488 3.600 3.730
TABLE II: Parameters of the IBM Hamiltonian (1) and the
E2 operator (5) for 186−196Pb. The values for εi, κi, and χi
were taken from Ref. [28].
N N + 2 N + 4
εi (MeV) 0.92 0.51 0.55
κi (MeV) 0 -0.014 -0.020
χi 0 0.515 -0.680
w
i,i+2
0 =w
i,i+2
2 (MeV) 0.018 0.018
ei (eb) 0.110 0.140 0.170
in the Hamiltonian (1). The values of εi, κi, and χi
(i = N,N + 2, N + 4), which were determined on the
basis of intruder spin symmetry [28], remain unaltered,
except for εN which was changed little for a better
description of the regular 2+ state. The value of the
mixing parameters wN,N+20 , w
N,N+2
2 , w
N+2,N+4
0 , and
w
N+2,N+4
2 were refined to describe the recently measured
B(E2) values in 186,188Pb [9] as well as possible. These
B(E2) values provide a good tool to fix the mixing
parameters because they are sensitive to the precise
structure of the wave functions which in turn is sensitive
to the mixing. All these parameters are taken constant
for 186−196Pb. For the parameter ∆N+2, we introduced
a slight variation to obtain a better description of the
slope of the energy levels throughout the isotopic chain.
All parameters are summarized in Table I and II. This
set of parameters was already used for the calculations
on 186Pb [8] and for the calculation of the isotopic shifts
[7].
In the subsequent section, we present the results of
our calculations and confront them with the available
experimental data. In 186,188Pb, recent experiments
[8, 9, 11] have provided extensive data on excitation
spectra and the electromagnetic properties, rendering
a thorough test for theoretical approaches. For the
heavier 190−196Pb isotopes, we compare the results of
the calculations to the experimental level schemes. In
general, the low-lying excited states for these isotopes
were organized and interpreted on the basis of level
systematics. It will be shown that the classification of
these low-lying states should be handled with care.
In the following, the theoretical bands are defined by
following the E2 decay starting from the high-spin states
using the criterion that in-band B(E2) values must be
larger than the corresponding interband B(E2) values.
3TABLE III: Comparison between the experimental and the
calculated B(E2) ratios for the interband J → J and J →
J − 2 transitions between Band II and Band I in 188Pb. The
ratios are normalized to the corresponding in-band J → J −
2 transition in Band II, except for the ratios starting from
2+2 which were normalized to the 2
+
2 → 0
+
1 transition. The
experimental ratios were extracted from the branching ratios
reported in [11].
Jpiinitial J
pi
final B(E2) ratio (IBM) B(E2) ratio (exp.)
8+2 8
+
1 31.8 47.4
6+1 1.6 0.6
6+2 6
+
1 40.0 27.1
4+1 0.3 1.5
4+2 4
+
1 96.0 87.9
2+1 3.3 7.8
2+2 2
+
1 1947.2 14742.6
0+2 642.3 <533.9
0+3 2254.6 <28088.6
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FIG. 1: Experimental level scheme and calculated energy lev-
els for 188Pb. The arrows indicate the B(E2) value of the
transition and are expressed in Weisskopf units (W.u.). The
widths are proportional to the B(E2) value. Experimental
data were taken from Refs. [9, 11].
III. RESULTS
For a detailed study of the calculated energy levels in
186Pb and discussion, we refer the reader to Ref. [8].
We briefly summarize here that the energy levels and the
B(E2) values, obtained in recoil distance Doppler-shift
lifetime measurements [9], are well described by our cal-
culations. Moreover, the characteristic experimentally
observed pattern of strong J → J interband E2 tran-
sition rates compared to relatively weak J → J − 2 in-
terband E2 transition rates [8] is reproduced. Comple-
mentary results such as electric quadrupole moments and
mixing strengths for 186Pb are included later in this dis-
cussion.
The experimental level scheme [9, 11] and the calcu-
lated energy levels for 188Pb are presented in Fig. 1. The
calculated regular 2+ state, which is not shown, occurs
at an excitation energy of 1061 keV. The experimental
energies in Band I and II and the B(E2) values, ob-
tained from lifetime measurements [9], are rather well
reproduced by our calculations. Band I has a predomi-
nant 4p-4h character whereas Band II is mainly 2p-2h.
The interband transitions from the theoretical Band II
to Band I exhibit the same pattern as in 186Pb where the
interband J → J E2 transition rates are considerably
larger than the interband J → J − 2 E2 transition rates
[8]. Table III presents the experimental B(E2) ratios ex-
tracted from the branching ratios given in Dracoulis et
al. [11] as well as the corresponding calculated values.
From this table, we see that the calculated ratios repro-
duce the pattern of experimentally deduced ratios. The
present results provide an update and extension to pre-
vious studies of this isotope [24, 28] to meet the recent
experimental results on the B(E2) values [9].
Figure 2 and 3 display the experimental and the calcu-
lated energy levels for 190Pb-196Pb. For 190Pb [Fig. 2(a)]
, the experimental 0+2 state at 658 keV is interpreted as
a 2p-2h intruder state [36] and the side band built on the
1163 keV 2+2 state is identified as a prolate band built
on the 4p-4h proton excitation [30]. The experimental
8+ states are related to strongly mixed spherical, oblate,
and prolate states. In general, the yrast 2+1 , 4
+
1 , and 6
+
1
states were associated with spherical states on the basis
of level systematics [3, 30, 37].
In the IBM calculation, Band I is of mainly 2p-2h char-
acter and is strongly mixed with Band II which mainly
has a 4p-4h character. The energies of Band II are in rea-
sonable agreement with those of the experimental band
assigned as a prolate band [30]. Likewise, the calculated
2+1 and the 0
+
2 state are in good agreement with the cor-
responding experimental levels.
In our IBM calculation, the regular configuration is de-
scribed with the Hamiltonian of the U(5) symmetry limit.
This implies that the regular 2+ IBM state is described
by N-1 s bosons and one d boson (J=2). Higher-lying
excited states result from angular momentum coupling of
additional d bosons and s bosons. Because the regular
excitation mode is understood as resulting from neutron
pair breaking mainly, the IBM description for the regular
states is only valid up to the 2+ state. Hence, it is impor-
tant to verify to what extent the higher-lying unphysical
U(5) states mix with the 2p-2h and 4p-4h states. From
Table IV in Appendix A, which contains the weights of
the wave functions in each configuration subspace, we no-
tice that the U(5) states with J > 2 mix little with the
states in Band I and Band II in 190Pb.
From inspection of Fig. 2(a), it becomes clear that the
energies of the 4+1 and the 6
+
1 state in Band I lie very
close to those of the corresponding yrast states deter-
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FIG. 2: Experimental and calculated energy scheme for 190Pb
(a) and 192Pb (b). Experimental data for 190Pb were taken
from Ref. [30] and data for 192Pb from Refs. [31, 32, 33].
The arrows in the experimental decay pattern indicate the
connecting transitions. The calculated B(E2) values are given
in W.u. and the width of the arrows is proportional.
mined experimentally. Moreover, our calculations indi-
cate a strong E2 transition from the 4+1 to the 2
+
1 state.
This might suggest that the observed 4+1 and 6
+
1 yrast
states are related to 2p-2h intruder states. However, the
IBM calculation lacks information on the regular states
with L > 2. If these experimental states are of spheri-
cal nature, our calculations suggest they will be strongly
mixed with the states from the 2p-2h intruder configura-
tion.
A similar situation arises in 192Pb [31, 32, 33] [Fig.
2(b)]. Experimentally, the 769 keV 0+2 and 1238 keV 2
+
2
state are identified as 2p-2h states whereas the yrast 2+1 ,
4+1 , and 6
+
1 are associated with regular states on the basis
of level systematics [3, 37]. In the IBM calculation, Band
I has a dominant 2p-2h character and Band II a dominant
4p-4h character. Again, the energies of the calculated 4+1
and 6+1 states in Band I lie close to their experimental
counterparts that were interpreted as regular states from
level systematics. The calculated E2 decay exhibits a
relatively strong B(E2) value from the mainly 2p-2h 4+1
in Band I to the regular 2+1 and therefore a conclusion
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FIG. 3: Experimental and calculated energy scheme for 194Pb
(a) and 196Pb (b). Experimental data for 194Pb were taken
from Refs. [10, 31, 34] and data for 196Pb from Refs. [10, 31,
35]. The arrows in the experimental decay pattern indicate
the connecting transitions. The calculated B(E2) values are
given in W.u. and the width of arrows is proportional.
similar as for 190Pb can be drawn.
The theoretical picture gets more complicated in 194Pb
[Fig. 3(a)]. The calculated Band I still has a dominant
2p-2h structure. On the contrary, the picture for the
higher-lying calculated states displayed on the rightmost
side in Fig. 3(a) is less clear. The low-spin states of
the lowest band built on the 4p-4h proton excitation are
very mixed up with the low-spin states of the second band
built on the 2p-2h proton excitation, which is reflected
in Table IV (given in Appendix A). As our main inter-
est goes out to Band I, we do not display all connecting
transitions starting from these higher-lying states (see
Ref. [38] for all connecting transitions). The 4+1 state in
Band I is 22% mixed with the 4+ state of the U(5) limit,
which was chosen to describe the regular configuration
5FIG. 4: Quadrupole deformations β0 extracted from the spec-
troscopic quadrupole moments in the assumption of a K = 0
band for 186−196Pb (8). Results for the 2p-2h unperturbed
band are represented with •, and results for the 4p-4h un-
perturbed band are represented with . The mixed (mainly)
2p-2h band and the mixed (mainly) 4p-4h band are repre-
sented by N and ∗ respectively. The number of states shown
diminishes with increasing neutron number because the model
space becomes smaller and less-high spin states can be calcu-
lated in a reliable way.
with N bosons. This mixing only shifts the 4+1 state by
approximately 100 keV from its unperturbed energy but
can affect the B(E2; 4+1 → 2+1 ) transition. Nevertheless,
the calculated energies of the 4+1 and 6
+
1 states again
lie close to those observed experimentally [10, 34] and
again a rather strong E2 transition (although probably
somewhat overestimated, due to the mixing) from the
theoretical 4+1 to 2
+
1 state results. Hence the 2136 keV
6+1 state and the 1540 keV 4
+
1 state may be associated
with the corresponding states of 2p-2h character in Band
I.
The isotope 196Pb [Fig. 3(b)] is of key importance for
our calculations. In this isotope, an even-spin side band
exhibiting the characteristics of a collective band has
been measured and is understood as a 2p-2h intruder
band [10, 31, 35]. Similar to the previously discussed
isotopes, Band I is a mainly 2p-2h band and Band II is
a mainly 4p-4h band. The calculated energies of Band I
are in good agreement with the experimental energies of
the even-spin side band. Moreover, the calculated B(E2)
value from the 4+1 state in Band I to the regular 2
+
1
state, which is strong in 190−194Pb, drops considerably in
196Pb. This makes our interpretation for the A=190-196
Pb isotopes consistent with the experimentally observed
E2 decay pattern. It is important to mention that the
4+1 state in
196Pb is mixed with the nonphysical 4+
state in the regular band (see Table IV in Appendix A).
This implies that the B(E2; 4+1 → 2+1 ) transition is most
likely overestimated.
We proceed with a discussion on the quadrupole mo-
ments for 186−196Pb. The spectroscopic quadrupole mo-
ment can be calculated as
Q(s)(J, k) =
√
16pi
5
〈J,M = J, k|Tˆ (E2)µ=0 |J,M = J, k〉 ,
=
√
16pi
5
〈JJ20|JJ〉√
2J + 1
〈J, k||Tˆ (E2)||J, k〉 , (6)
where (J, k) denotes the kth state with total angular mo-
mentum J . It is convenient to relate this spectroscopic
quadrupole moment to the quadrupole moment in the
intrinsic frame of the nucleus to extract the quadrupole
deformation β0 of the nucleus. The IBM, however, is for-
mulated within the laboratory frame. Hence, we should
compare the calculated spectroscopic quadrupole mo-
ment with the rigid rotor model to extract information
in the intrinsic frame [39]. In the following, we assume
the lowest 2p-2h and 4p-4h bands to be K = 0 bands.
Then, the intrinsic quadrupole moment Q
(i)
K=0(J, k) and
the quadrupole deformation β0 can be extracted using
the expressions
Q
(i)
K=0(J, k) = −
(2J + 3)
J
Q(s)(J, k) , (7)
β0 =
√
5pi
3ZR20
Q
(i)
K=0(J, k) , (8)
where Z denotes the number of protons and
R0 = 1.2A
1/3fm is the nuclear radius. The results
in the intrinsic frame are presented in Fig. 4. For the
unperturbed 2p-2h and 4p-4h bands, we find an oblate
and prolate deformation, respectively. This result is
consistent with results of beyond mean-field calculations
[18, 19]. The magnitude of the deformation of both
the 2p-2h and the 4p-4h band decreases with increasing
neutron number. Within the unperturbed bands, β0
stays approximately constant as a function of J whereas
large mixing effects can occur in the mixed bands. More
specifically, the quadrupole deformations for the mixed
bands cross at low J in 188Pb and 190Pb. This can be
understood from the definition of the theoretical bands
(which were constructed by following the E2 decay)
and the large mixing effects in the low J states of these
nuclei. For the other isotopes, mixing effects are less
dominant and the deviation between the deformation of
the mixed and unmixed bands becomes smaller.
Detailed information on the mixing can be obtained
from the mixing strengths and from the B(E2) val-
6ues. The knowledge of the intermediate bases (see
Ref. [24]) allows us to calculate the expectation value
of Vˆ N,N+2mix and Vˆ
N+2,N+4
mix . Expressed in the inter-
mediate bases, they give the interaction strength be-
tween the unperturbed energy levels and can be com-
pared with phenomenological band-mixing calculations
[11, 30, 40, 41, 42] in a straightforward way. The mixing
strengths between the three lowest 0+ states in 186−196Pb
can be found in Fig. 5.
Additional information on the mixing is obtained from
the B(E2) values. The knowledge of the intermediate
bases allows us to relate the reduced matrix element of
the E2 transition from an initial state Ji(i) to a final
state Jf (f)
1 to the reduced matrix elements of the cor-
responding E2 transitions in the unperturbed bands.
〈Jf , f ||T (E2)||Ji, i〉 =
∑
k,p,s,s′
aki(Ji)apf (Jf )b˜
ν
sk(Ji)b˜
ν
s′p(Jf )
′
ν〈Jf , s′||T (E2)||Ji, s〉′ν
∣∣∣
ν=N
+
∑
l,q,t,t′
ali(Ji)aqf (Jf )b˜
ν
tl(Ji)b˜
ν
t′q(Jf )
′
ν〈Jf , t′||T (E2)||Ji, t〉′ν
∣∣∣
ν=N+2
+
∑
m,r,u,u′
ami(Ji)arf (Jf )b˜
ν
um(Ji)b˜
ν
u′r(Jf )
′
ν〈Jf , u′||T (E2)||Ji, u〉′ν
∣∣∣
ν=N+4
, (9)
where A is the matrix that diagonalizes the Hamiltonian (1) in the U(5) [N ]⊕ [N + 2]⊕ [N + 4] boson basis and Bν
(ν = N,N+2, N+4) are the three matrices that diagonalize the respective Hˆνcqf (2) in the corresponding U(5) [ν] boson
basis. From the latter diagonalization, we obtain the unperturbed energies and the corresponding eigenvectors. These
eigenvectors span the intermediate basis |J, r〉′ν with J the total angular momentum and r the rank number of the
state in the unperturbed band. Hence, we can filter out those reduced E2 matrix elements in the unperturbed bands
that contribute more than 90% to the reduced E2 matrix element of the Ji(i) → Jf (f) transition. For the in-band
transitions in 186−192Pb, it turns out that the main contribution always consists of the terms with the corresponding
transitions in the lowest unperturbed 2p-2h band and in the lowest unperturbed 4p-4h band. So, we may write
〈Jf , f ||T (E2)||Ji, i〉 ∼=
∑
l,q
ali(Ji)aqf (Jf )b˜
ν
1l(Ji)b˜
ν
1q(Jf )
′
ν〈Jf , 1||T (E2)||Ji, 1〉′ν
∣∣∣
ν=N+2
+
∑
m,r
ami(Ji)arf (Jf )b˜
ν
1m(Ji)b˜
ν
1r(Jf )
′
ν〈Jf , 1||T (E2)||Ji, 1〉′ν
∣∣∣
ν=N+4
= R(N + 2)〈Jf , f ||T (E2)||Ji, i〉+R(N + 4)〈Jf , f ||T (E2)||Ji, i〉 , (10)
when Ji(i)→ Jf (f) is an in-band transition in 186−192Pb.
Thus, R(N+2) gives the contribution in terms of percent-
age of the reduced matrix element of the Ji(1) → Jf (1)
E2 transition in the lowest unperturbed 2p-2h band to
the reduced matrix element of the Ji(i)→ Jf (f) E2 tran-
sition in the fully correlated system. Similarly, R(N +4)
gives the contribution in terms of percentage of the re-
duced matrix element of the Ji(1)→ Jf (1) E2 transition
in the lowest unperturbed 4p-4h band. These ratios pro-
vide precise information on exactly which unperturbed
states are mixed. We refer the reader to Ref. [24] for a
more detailed discussion.
For 194−196Pb, transitions within the mixed 2p-2h
band [Band I in Fig. 3(a) and 3(b)] originate for more
than 90% from the corresponding transition in the lowest
[1] in Ji(i) and Jf (f), the i and f between brackets are the ranknum-
bers of respectively the initial state Ji and the final state Jf
unperturbed 2p-2h band. The transitions in the mixed
4p-4h states in these two isotopes contain important con-
tributions from the second excited 2p-2h band.
The ratios R(i) (i = N + 2, N + 4) for the mixed 2p-2h
(right panels) and the mixed 4p-4h bands (left panels) in
186−192Pb are displayed in Fig. 6. It follows that, in gen-
eral, for the in-band E2 transitions in 186Pb and 192Pb
the main contribution is coming from the E2 transition
in the corresponding unperturbed band. In 190Pb, all
states are very mixed, whereas in 186−188Pb, mainly the
low-spin states are considerably more mixed. In particu-
lar, for the mixed 2p-2h bands in 186−188Pb [right panels
of Figs. 6(a) and 6(b)] the contribution originating from
the transition in the unperturbed 4p-4h band exceeds the
contribution of the transition in the unperturbed 2p-2h
band for the low-spin states. This is due to large mix-
ing and the larger quadrupole deformation of the 4p-4h
band. This strong mixing is also reflected in the behavior
of the quadrupole deformations (see Fig. 4).
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FIG. 5: Mixing strengths between the lowest unperturbed 0+
0p-0h and 2p-2h states (+) and between the lowest unper-
turbed 0+ 2p-2h and 4p-4h states (×) for 186−196Pb.
Summarizing, we present the experimental and
the theoretically calculated level systematics for the
186−196Pb isotopes in Fig. 7. In Fig. 7(a) , the clas-
sification of the experimental states on the basis of level
systematics [3, 30, 37, 43] is shown. The states in black
are interpreted as 0p-0h states and the states in blue
(green) were classified as 2p-2h (4p-4h) states. The 8+
states displayed in gray are associated with oblate or
spherical states [3, 30, 37, 43]. Except for the 4+ and
6+ states connected with a dotted line, the systematics
as proposed in [3, 30, 37, 43] were followed. For those 4+
and 6+ states in 190−194Pb that were previously assigned
as spherical states, an alternative classification as states
of 2p-2h character is proposed. In Fig. 7(b), the states in
black are mainly 0p-0h states whereas the states in blue
(green) belong to the mainly 2p-2h (4p-4h) bands that
were defined following the E2 decay starting from high-
spin states. The dashed lines indicate states that are
very mixed. Although they belong to the mainly 2p-2h
(4p-4h) bands defined by the E2 decay from higher-spin
states, the weight of the corresponding wave function can
be slightly higher in a different subspace (see Table IV in
Appendix A). Hence, one should be prudent when classi-
fying these highly mixed states as they can be organized
following the E2 decay from high-spin states or according
to the weight of the wave function in each subspace [N ],
[N+2], and [N+4]. These two criteria do not necessarily
result in the same classification if the states are strongly
mixed. A classification of the experimental states on the
basis of B(E2) values would resolve this ambiguity and
provide a good basis for comparison.
FIG. 6: (Color online) Ratios for the in-band transitions in
(a)186Pb (b) 188Pb, (c) 190Pb, and (d) 192Pb [see Eq. (10)].
In the left (right) panels the ratios for the mainly 4p-4h (2p-
2h) bands are shown. These correspond to Band I (Band II)
in Ref. [8] for (a), to Band I (Band II) in Fig. 1 for (b), and
to Band II (Band I) in Figs. 2 for (c) and (d). R(N + 2) is
shown in gray whereas R(N + 4) is represented in red.
IV. CONCLUSIONS
In the present article, we have further explored the in-
teracting boson model with configuration mixing for the
neutron deficient Pb nuclei with 186≤A≤196. Proceed-
ing from the more schematic calculations carried out by
Fossion et al. [28], we have used adjusted parameters
in the mixing Hamiltonian and have introduced a slight
variation in the value of ∆N+2. With this parametriza-
tion, a successful description of the low-lying energy spec-
tra, the in-band B(E2) values and the interband B(E2)
ratios was achieved for the well-documented 186,188Pb
isotopes. For an extensive discussion on the experimental
data and the theoretical results on the midshell nucleus
186Pb, we refer the reader to Pakarinen et al. [8]. The
same parametrization was already used for the descrip-
tion of the isotopic shifts in 186−196Pb [7].
For the 186,188Pb isotopes, two low-lying collective
bands have been measured up to high-spin states and
8FIG. 7: (Color online) Experimental (a) and calculated (b) level systematics for 186−196Pb. In (b), states in black are mainly
0p-0h states, the states in blue (green) belong to the mainly 2p-2h (4p-4h) bands that were defined following the E2 decay
starting from the high-spin states. For the dashed lines, see discussion in the text. In (a), the same color code is used
but the states were organized on the basis of level systematics. The dotted line displays the suggested interpretation of the
4+1 and 6
+
1 states as possible 2p-2h states (see discussion). The 8
+ states shown in gray are associated with spherical or
oblate states [3, 30, 37, 43]. All states are shown relatively to the ground state. Experimental data were taken from Refs.
[3, 8, 10, 11, 30, 31, 32, 33, 34, 35, 37] and references therein.
were associated with 2p-2h and 4p-4h proton excitations
across the closed Z=82 proton shell [8, 11]. If one pro-
ceeds further away from midshell, less experimental ev-
idence for well-developed collective bands is available.
The available data display at most only one collective
band and/or the onset of a collective band, which renders
the interpretation of these states more difficult. On the
basis of systematics [3, 37, 43], the 4+1 and the 6
+
1 states
in 190−194Pb were associated with spherical states. How-
ever, our present calculations display a strong 4+1 → 2+1
transition and suggest that the former states might have
a major, even dominant, 2p-2h character or are strongly
mixed with the spherical 4+1 and the 6
+
1 states.
We have also extracted quadrupole deformations for
the 186−196Pb nuclei. It is shown that within the assump-
tion of a K = 0 band structure for the lowest-lying bands
in these nuclei, the unperturbed 2p-2h bands correspond
to an oblate deformation whereas the unperturbed 4p-
4h bands exhibit a prolate deformation. These results
are consistent with the results of recent mean-field cal-
culations [18, 19] that display a prolate and and oblate
minimum in the energy surface in addition to the spheri-
cal energy minimum. Our present calculations also show
that mixing between the regular, 2p-2h and 4p-4h unper-
turbed configurations lowers the magnitude of the defor-
mation. In the case of 190Pb, where the mixing is largest,
this effect is most clearly visible.
Finally, we compared the experimental level systemat-
ics based on those presented in Refs. [3, 37, 43] with the
members of the calculated low-lying bands for 186−196Pb.
When confronting the theoretical to the experimental
systematics, one should keep in mind that the theoretical
states are classified according to the bands they belong
to. These were defined following the E2 decay starting
from the high-spin states. From an experimental point
of view however, the states in 190−196Pb are mostly orga-
nized according to their assumed np-nh character, based
on the argument of level systematics. This classifica-
tion becomes ambiguous when the states are very mixed
or when little experimental data are available. Detailed
in-beam spectroscopic data completed with lifetime mea-
surements are therefore essential for a meaningful com-
parison between the experimental data and the theoret-
ical results.
9As a final remark, we point out that the IBM trunca-
tion provides a good description of the collective bands
arising from 2p-2h and 4p-4h proton excitations across
the Z=82 closed shell but is limited in the description of
the spherical states that result from neutron pair break-
ing mainly. The spherical 4+, 6+, ... cannot be described
adequately within the IBM with s and d bosons. There-
fore, a truncated shell-model calculation that takes into
account the open 82≤N≤126 neutron shell as well as a
limited number of np-nh proton excitations across the
Z=82 closed shell is needed as a next step in the de-
scription of the rich structure of the neutron-deficient Pb
isotopes from the neutron midshell region up to the dou-
bly closed-shell nucleus 208Pb.
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APPENDIX A: MIXING AMPLITUDES
In this appendix, we present the weight of the eigenvec-
tors of the IBM Hamiltonian (1) in the three subspaces
[N ], [N + 2], and [N + 4] for the 186−196Pb isotopes.
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